Evidence indicates that the atmospheric and oceanic processes that occur in response to increased greenhouse gases in the broad-scale climate system may already be changing the ecology of infectious diseases. Recent studies have shown that climate also influences the abundance and ecology of pathogens, and the links between pathogens and changing ocean conditions, including human diseases such as cholera. Vibrio cholerae is well recognized as being responsible for significant mortality and economic loss in developing countries, most often centered in tropical areas of the world. Within the marine environment, V. cholerae is found attached to surfaces provided by plants, filamentous green algae, copepods, crustaceans, and insects. The specific environmental changes that amplified plankton and associated bacterial proliferation and govern the location and timing of plankton blooms have been elucidated. Several studies have demonstrated that environmental non-O1 and non-O139 V. cholerae strains and V. cholerae O1 El Tor and O139 are able to form a three-dimensional biofilm on surfaces which provides a microenvironment, facilitating environmental persistence within natural aquatic habitats during interepidemic periods. Revealing the influence of climatic/environmental factors in seasonal patterns is critical to understanding temporal variability of cholera at longer time scales to improve disease forecasting. From an applied perspective, clarifying the mechanisms that link seasonal environmental changes to diseases' dynamics will aid in developing strategies for controlling diseases across a range of human and natural systems.
Introduction
Anthropogenic climate change is measurably affecting ecosystems, communities, and populations [1] . Diverse environmental factors influence the distribution, diversity, incidence, severity, and/or persistence of diseases and other health issues -something that has been recognized for millennia [2] . Health and climate have been linked since antiquity. In the fifth century B.C., Hippocrates observed that many specific human illnesses were linked to changes of season, local weather patterns, and other environmental factors such as temperature [3] .
The reality of climate change and the associated role of anthropogenic activity are being debated in many forums. Human activities may have impacts on ecological balances, potentially leading to new diseases associated with environmental changes such as temperature extremes and violent weather events (e.g. fewer frosts and more storms, floods, and droughts; abnormal seasonal conditions associated with increases in temperature or moisture).
Climate change and variability have led to growing concerns regarding the effects of climate on health. The combination of climate change and environmental degradation has created ideal conditions for the emergence, resurgence and spread of infectious diseases, killing millions of people annually [2] . In a quantitative climate-health assessment study, the World Health Organization (WHO) examined the global burden of disease attributable to anthropogenic climate change up to the year 2000 [4] . This study indicated that the climatic changes that have occurred since the mid1970s could already have caused over 150,000 deaths and approximately five million "disabilityadjusted life years" (DALYs) per year through diseases such as diarrhoea (temperature effects only), malaria, and malnutrition, mainly in developing countries [5] . Many factors, such as human behavior, public health infrastructure, food production, microbial adaptation and environmental change, have contributed to the persistence and increase in the occurrence of infectious diseases. An important risk of climate change is its potential impact on the evolution and emergence of infectious disease agents. Ecosystem instabilities brought about by climate change and concurrent stresses such as land use changes, species dislocation, and increasing global travel could potentially influence the genetics of pathogenic microbes through mutation and horizontal gene transfer, giving rise to new interactions among hosts and disease agents. The disease agents and their vectors each have particular environments that are optimal for growth, survival, transport, and dissemination [6] .
Vibrio cholerae is well recognized as the causative agent of the human intestinal disease cholera, which is responsible for significant mortality and economic loss in underdeveloped countries, most often centered in tropical areas of the world. Generally, V. cholerae is transmitted through contaminated food and water in communities that do not have access to proper sewage and water treatment systems [7] , and is thus called "the disease of poverty" [8] .
Cholera provides one of the best examples of how an emerging infectious disease has evolved from an oral-fecal transmission linear model of a waterborne bacterium and a human host, to a more complex ecological model of an infectious disease. During the last three decades, extensive research has been conducted to explain the virulence properties and the epidemiology of this pathogen. Recently, researchers have also been investigating the environmental lifestyle of V. cholerae, and ecologically based models have been developed to define the role of environment, weather, and climate-related variables in outbreaks of this disease. These models include global weather patterns, the deep sea, aquatic reservoirs, zooplankton, the collective behavior of surface attached cells, and an adaptable genome, together with the bacterium and its host [9] [10] [11] .
This review provides current evidence for the influence of environmental factors on Vibrio cholerae dynamics and virulence traits of this organism. A better understanding of disease risk related to the environment should call attention to the urgent need for action to prevent the consequences of climate change and to improve the socioeconomic conditions contributing to cholera.
Climate change, Health and Infectious Diseases
Accelerated climate change and variability are already influencing the functioning of many ecosystems, the seasonal cycles and geographic range of communities and populations, destabilizing biological control of infectious diseases, and affecting food production and water availability. These ecological changes strongly influence disease patterns as an unstable climate is playing an ever-increasing role in driving the global emergence, resurgence and redistribution of infectious diseases [12] and their health impact on human populations. Tropical climate, poor water and food security, low socio-economic status and political instability define the regions most vulnerable to the health effects of climate change [13] .
Global climate change is conceived as manifesting itself in each of three interrelated modules: changes in transmission biology, ecologic changes, and sociologic changes. Chan et al. (1999) [14] developed an integrated assessment framework (IAF) for climate change and infectious diseases (Fig. 1) . These modules impact epidemiologic outcomes, including mortality and morbidity rates. Any effects of climate change will probably operate on the groups of factors in different ways and will likely be nonlinear, region specific, and time dependent. Most models developed for climate-sensitive health determinants and outcomes provide global or large regional estimates of changes in risk associated with climate change.
Three broad categories of health impacts are associated with climatic conditions depending on the direct impact of extremes in local weather conditions: impacts directly related to weather and climate variability; impacts resulting from environmental changes that occur in response to climate variability and change; and impacts resulting from consequences of climate-induced economic dislocation and environmental decline. There are two categories of climate-sensitive health determinants and outcomes. The first category includes changes in the frequency and intensity of thermal extremes, and extreme weather events (floods and droughts) that directly affect population health. This category includes impacts such as deaths, injuries, psychological disorders, and exposure to thermal extremes that alters rates of illness and death related to heat and cold. The second category includes indirect impacts that occur through changes in the geographic range and intensity of transmission of infectious diseases; changes in the geographic range and intensity of transmission of in food-and waterborne diseases; and changes in the prevalence of adverse health outcomes associated with air pollutants and aeroallergens. The indirect effects of this category include changes in local ecology of waterborne agents that modify the incidence of diarrhea and other infectious disease and food-borne infective agents, and alterations on range and activity of vectors that change geographical ranges and infective parasites and incidence of vector-borne disease. Estimating the consequences of indirect effects poses a challenge because those impacts typically result from changes in complex processes. They include alterations in the transmission of vector-borne infectious disease, alterations in water quality and quantity, and changes in the productivity of agroecosystems, with the potential for displacement of vulnerable populations as a result of local declines in food supply or sea level rise. There is a range of estimates of the risk of hunger reflecting different assumptions about future growth of populations, international trade, and adaptive agricultural technology. Such estimates, however, do not include the likely additional influence of extreme weather events or of increases in agricultural pests and pathogens [15, 16, 17] .
Studies of climatic influences on infectious diseases have mainly focused on the influence of El Niño-Southern Oscillation (ENSO), that has been found to be related to incidences of malaria in South America, rift valley fever in east Africa, dengue fever in Thailand, hantavirus pulmonary syndrome in the southwestern USA, and childhood diarrhoeal disease in Peru. It is unclear at this stage whether global climate change will significantly increase the amplitude of ENSO variability, but if so, the regions surrounding the Pacific and Indian oceans are expected to be most vulnerable to the associated changes in health risks. Cholera provides another instructive example. The ancestral home of cholera was apparently the Ganges delta, in India, where epidemics of a cholera-like disease have been described over the past four centuries. The most recent cholera pandemic (the seventh cholera pandemic) has reached further than ever before, affecting Asia, Europe, Africa, North America and Latin America. It began in 1961 and is by far the longest lasting pandemic to date. The extraordinary scale and persistence of this pandemic is thought largely to reflect the escalation in nutrient enrichment of coastal and estuarine waters by phosphates and nitrates in run-off wastewater, and the proliferation of urban slums without access to safe drinking water [5] . Several disease categories have been listed along with specific examples of diseases that had known or suspected relationships with weatherrelated variables [18] :
• Airborne: influenza, meningococcal meningitis, coccidiodomycosis, respiratory syncytial virus (colds).
• Understanding links between infectious disease and climate is difficult, given the multivariate nature of climate change, and nonlinear thresholds in both disease and climate processes. In order to relate environmental factors directly to disease or probability of infection, it is necessary to define the environmental factors related directly to the pathogen, and then to evaluate the influence of environmental factors in the concentration, distribution, prevalence, viability and virulence of the pathogen and the disease outcome. As an example, it has been reported that climate warming can affect host-pathogen interactions by increasing pathogen development rates, transmission, and number of generations per year, relaxing overwintering restrictions on pathogen life cycles, modifying host susceptibility to infection [19] . Not all infectious diseases are influenced by climate or weather variability. Vectorborne diseases were the first and most often to be associated with climate related variables [18] .
Climate and Waterborne diseases
Globally waterborne diseases are one of the major contributors to disease burden and mortality [20] . Water-related diseases are typically placed in four classes: waterborne, water-washed, waterbased, and water-related insect vectors. The first three are most clearly associated with lack of improved domestic water supply. Waterborne diseases are spread through drinking water contaminated by human or animal faeces or urine containing pathogenic bacteria or viruses; exposure to contaminated water while swimming or other activities; or secondarily through food contaminated with bad water. Waterborne diseases include cholera, typhoid, amoebic and bacillary dysentery, and other diarrhoeal diseases [18, 21] .
All of these transmission patterns may be affected by climate variability and thus potentially by climate change. Weather is often a factor in triggering waterborne disease outbreaks. If weather is a determinant of waterborne disease outbreaks, it is likely also a contributing factor to endemic cases of disease. Thus, the impact of heavy rainfall on waterborne illness may be widespread [22] . A major US study by Curriero et al. (2001) [23] reported a statistically significant association between excess rainfall and waterborne disease outbreaks over a long period of time and on a national scale. The study, based on 548 reported outbreaks in the United States from 1948 through 1994, was able to quantify the relationship between excessive rainfall and disease outbreaks. The study analyzed the relationship between rainfall and waterborne disease on a watershed level, stratified the outbreaks by groundwater and surface water contamination, and controlled for effects due to season and hydrologic region. The results indicated that 51% of waterborne disease outbreaks were preceded by rainfall events above the 90th percentile and that 68% were preceded by events above the 80th percentile. Outbreaks due to surface-water contamination showed the strongest association with excessive rainfall during the month of the outbreak. Groundwater contamination events were preceded by a 2-month lag in rainfall accumulations.
For many waterborne diseases, the management and disposal of sewage, biosolids and other animal wastes, and the protection of watersheds and fresh water flows are critical variables that impact water quality and the risk of waterborne disease. Water-related diseases are a particular problem in poor countries and communities, where water supplies and sanitation often are inadequate. Many communities in developing countries continue to use combined sewer and storm water drainage systems; these may pose a health risk should the frequency or intensity of storms increase, because raw sewage bypasses treatment and is discharged into receiving surface waters during storms [19, 24] .
Major disturbances involving microorganisms began to occur more frequently in the mid-1970s, particularly between 1972 and 1976, which coincides with a relatively abrupt shift in the global climate regime. In order to explain disease emergence in the oceans, various processes have been invoked including warming of the earth's atmosphere, increased ultraviolet (UV) radiation resulting from ozone depletion, and intensified pressures relating to anthropogenic impacts such as overexploitation of fish and other higher trophiclevel organisms, marine pollution, coastal eutrophication, oxygen depletion and sedimentation. Nevertheless, functional linkages and mechanistic relationships have not been established between the parameters of change (temperature, UV radiation, macronutrients, water chemistry) and the nature of outbreak responses (frequency, intensity, species diversity) [25] .
Oceanic and coastal waters are known to harbor and transport microorganisms that cause disease in humans and animals. As modulators of climate, oceans also indirectly influence disease patterns and distribution of many pathogens. While certain pathogenic or toxigenic microorganisms, including toxic phytoplankton and Vibrio spp. occur naturally in marine and estuarine waters, anthropogenic contaminants including enteric bacteria, protozoa and viruses may be introduced to coastal waters as sewage pollution. Despite the relatively unfavorable environment, these introduced organisms may survive for prolonged periods in the marine environment, often associated with sediments and other protective environments [18] . The main mechanisms for regulation of bacterial populations in the aquatic environment include availability of nutrients, temperature, bacterivory, and lysis by viruses, with nutrient availability being the most important factor in limiting the size and abundance of bacterial populations. In eutrophic habitats of coastal ocean, estuary, and freshwater ecosystems, bacterial abundance, production, and growth rates are regulated by physical and chemical factors in addition to nutrient availability [26] .
The current evidence of the impact of climate on the epidemiology of waterborne disease is considered under the following headings: the impact of heavy rainfall events, the decrease in salinity, the increase in sea level and subsequent changes in ocean circulation, the impact of flooding, and the impact of increased temperature (Fig. 2) .
The following environmental factors influence, either directly or indirectly, the survival of bacterial populations and their ability to produce disease: (i) temperature, where greater inactivation/death rates occur at higher temperatures; (ii) sunlight, which can affect the persistence and spread of a pathogen if it is associated with phytoplankton and/or algae; (iii) sunlight (UV), in which nucleic acids absorb the UV energy and are damaged; (iv) humidity, resulting from evaporation due to elevation of temperature; (v) moisture content, where low moisture inactivates/kills some microbes; (vi) pH, in which extreme pH inactivates microbes with important exceptions such as enteric pathogens which survive at pH 3.0; (vii) weather, where warmer weather increases some microbes and wet weather carries microbes also resuspended in water resources; (viii) chemicals and nutrients as their levels influence microbe survival, in which lack of nutrients (e.g. carbon, nitrogen) will limit proliferation; (ix) biological factors such as attachment of bacteria to a hostspecific or site-specific location before they can multiply (the factors that influence attachment include temperature, pH, and nutrient concentration); (x) rainfall, where heavy rainfall may lead to changes in the direction of flow of water systems and for surface water sources, heavy rainfall can lead to overflow of storm drains that may be combined with the sewage system, allowing faecally polluted water into rivers; and (xi) flooding, in developing nations where there is evidence of outbreaks following floods caused by heavy rains which may eliminate the habitat for both vectors and vertebrate hosts [6, 24] .
For example, in developing countries located in tropical and subtropical regions with crowding and poverty, heavy rainfall and flooding may trigger outbreaks of diarrhea [27] . Each of these climatic factors can have markedly different impacts on the epidemiology of various waterborne diseases [28] .
Environmental Factors Influencing Survival or Proliferation of V. cholerae
Recent studies have shown that climate also influences the abundance and ecology of pathogens, as well as the links between pathogens and changing ocean conditions, including human diseases such as cholera [19, 29] . Vibrio cholerae is a motile, Gram-negative curved rod that belongs to the family Vibrionaceae, and is a well-known human pathogen that has caused cholera epidemics worldwide and continues to be prevalent in many developing countries [7, 30] , with serious epidemics often localized in tropical areas [31] . With the apparent increase in its emergence, cholera is, at present, one of the most important of the resurgent diseases [32, 33] . In South America, outbreaks start along the coast [34] , and epidemiological studies in México have demonstrated that people living in coastal states are at a high risk of contracting the disease, as shown in Fig. 3 [35] . Genus Vibrio includes Gram-negative bacteria indigenous to marine and estuarine waters, and facultative anaerobic, non-spore forming bacilli which are oxidase-positive and halophilic. Furthermore, V. cholerae is an autochthonous microbial inhabitant of brackish water, estuarine ecosystems, and coastal areas; the species can remain in a culturable state in the marine environment for years [36] . V. cholerae can pose a public health risk when it is ingested via untreated water, contaminated seafood (raw or undercooked), or exposure of skin wounds to sea water [37] [38] [39] [40] .
The prevalence of pathogenic Vibrios appears to be influenced by the physico-chemical features of the environment; studies in coastal and estuarine regions of different parts of the world have highlighted the potential significance of environmental factors to the dynamics of the disease. Previous studies of cholera population dynamics have proposed links between climate, oceanographic environmental conditions such as temperature, phytoplankton productivity, and human cases of cholera morbidity and mortality. It has been reported that climate may affect the dynamics of cholera by shifting pathogen or host reservoir species abundance, population dynamics, and community interactions [41] [42] . Nevertheless, the mechanistic basis for climatecholera connection remains scantily understood. The environmental and climate factors that have been associated with V. cholerae are presented in Table 1 . Two of the primary environmental variables influencing this complex ecology of pathogenic Vibrios are temperature and salinity which, along with sea surface temperature (SST), is consistent with the role played by sea surface height [29] in combination with elevated pH. The optimum temperature for growth of this organism is 37°C, with possibilities for growth ranging from 16 to 42°C [36] .
Temperature and salinity play roles in the occurrence of V. cholerae in the aquatic environment [43] [44] [45] . Vibrios are present in the environment even when they cannot be cultured. V. cholerae can survive under unfavorable environmental conditions in a dormant state, switching into a viable-but-non-culturable (VBNC) state in response to rapid transitions in environmental conditions such as temperature and osmolarity, and nutrient deprivation. When V. cholerae enters the viable-but-non-culturable state, it loses its flagellum and changes to a smaller, spherical form, in a spore-like stage [46] [47] [48] . This dormant state serves as a survival strategy as cells survive changes in temperature, salinity, or availability of organic matter and remain infectious [36] . Franco et al. (1997) [49] provided evidence for a positive association between counts of the pathogen V. cholerae and river water temperature two months earlier in Perú. The influence of temperature on the timing of the pathogen's appearance was demonstrated with the presence or absence of CT-positive V. cholerae. In addition, the number of cholera cases correlated significantly (r = 0.72) with CT-positive cholera counts at cleaner sites upriver two to three months earlier, supporting a role of water temperature in its seasonality. Barbieri et al. (1999) [44] [11] conducted a time-series analysis of an 18-year cholera record from Bangladesh and reported a positive effect of El Niño-Southern Oscillation (ENSO), a major cause of interannual climate variability, on the predictions of cholera incidence in the fall. Their results suggested that higher ambient temperatures would correspond to higher water temperatures in shallow bodies of water, such as ponds and rivers in estuaries, and shallow coastal waters, increasing local temperature and producing the interannual variability of cholera. Lobitz et al. (2000) [10] used satellite data to monitor the timing and spread of cholera. The remote sensing data included sea surface temperature (SST) and sea surface height (SSH). They discovered that SST shows an annual cycle similar to the cholera case data (Fig. 4) . The warming of water temperature in ponds and rivers might increase the incidence of cholera through the faster growth rate of the pathogen in aquatic environments. [51] [52] [53] has projected an increase in world average temperature of 1.0ºC-3.5ºC by the year 2100, and an associated rise in sea level of 50 cm is also expected by the 2080s, with considerable regional variations. As a result of warming seawater, the world oceans are expanding. Coupled with freshwater input from icemelt, thermal expansion of the oceans is causing sea levels to rise at c. 2 mm year -1 . This assessment is derived from projections made by computer-based global climate models that combine, through simultaneous equations within a 3-dimensional global grid, the atmospheric and oceanic processes that occur in response to increased greenhouse gases and the resulting rise in radiative forcing in the lower atmosphere [15] . Evidence is indicating that these changes in the broad-scale climate system may already be
changing the ecology of infectious diseases [54] [55] . Heidelberg et al. (2002) [26] reported an increase of V. cholerae in water samples collected from the Choptank River in Chesapeake Bay during summer months, associated with an increase in water temperature (r 2 = 0.420, -0.720) as Louis et al. (2003) [56] reported. According to Rodó et al. (2002) [57] , enhanced warming can also affect disease transmission by changing human behavior, with a possible increase in the contact with contaminated water sources under warm conditions immediately before and during the spring, when the first seasonal peak in cholera is typically observed. According to these authors, the effect of more extreme ENSO and climate changing conditions of drought and flood remain to be examined, but are consistent with future global and regional scenarios that also might impact sanitation conditions critical to cholera transmission. A remarkable finding from a study by [58] was that water temperature was directly correlated with cases of cholera in Bakerganj, the southernmost site included in the study, having the most direct influence from the Bay of Bengal, where most of the initial cases of cholera occurred, including the outbreak of newly recognized serotype O139 in 1992.
Another adaptive feature allows V. cholerae to survive for prolonged periods when soluble iron is unavailable; V. cholerae can produce ironchelating siderophores to take up insoluble iron from the environment. Survival is thus further improved when insoluble iron (Fe 2 O 3 ) is available in an alkaline pH environment, as V. cholerae also thrives under high-pH conditions. Environmental conditions may also affect expression of virulence genes in V. cholerae. Sunlight can induce propagation of the CTX_ phage, and the viability of V. cholerae remains stable in full sunlight compared to enteric bacteria such as E. coli, which may impart some selective advantage to vibrios at tropical latitudes. Furthermore, moderate levels of introduced iron also increase the expression of CT. Therefore, environmental triggers may become epidemiologically important for the prevalence of the organism and its virulence (potentially resulting in shorter onset times and lower infectious doses) [29] .
In our work [59] [60] isolated both V. cholerae and V. parahaemolyticus in seawater and oysters (Pinctada radiata) during the warmer months (June, July, September and October 1992). In oysters, V. cholerae was more prominent than V. parahaemolyticus. Peak counts in oysters at nearshore and pelagic sites occurred in July and they were five times greater at the pelagic site. In general, most bacteria were isolated from the pelagic waters and oyster samples, and they were highest during the warmer months. Some disappeared totally during February and March. Water temperature was found to have greater influence on the distribution of different bacteria in water and oysters, compared with other environmental factors.
Salinities favorable for V. cholerae growth are found primarily in inland coastal areas and estuaries, but survival of V. cholerae in seawater for more than 50 days has been demonstrated [61] . Pathogenic V. cholerae grows in water with low salinity if the water temperature is relatively high and organic nutrients are present even in small concentrations (less than 1 mg/L), compensating, to a degree, for lack of salt [36, 43] . Although optimal salinity for V. cholerae growth is between 5 and 25 psu, V. cholerae can tolerate salinities near 45 psu [62] . In our work [59] we reported that water temperature and salinity were significantly associated (P<0.05). V. cholerae non-O1 percent isolation in oysters correlated with La Mancha lagoon water temperature and salinity (r Other climatic variables related to water levels such as rainfall have also been invoked to explain cholera patterns since early times. Floods and droughts can affect not only the concentration of the bacterium in the environment, but its survival through the effect of salinity, pH or nutrient concentrations, as well as human exposure to the pathogen, sanitary conditions and susceptibility to disease.
Chlorophyll a and/or turbidity have been associated with rainfall events; influence of rainfall and runoff on salinity and nutrients leading to algal blooms; influence of phytoplankton on zooplankton dynamics and succession; influence of temperature and salinity on the growth of Vibrio in the copepod; concentration of the bacteria in the copepod; and numbers of copepods transmitted upstream and in a glass of water [63] [64] .
Floods and droughts may affect not only the concentration of the bacterium in the environment, but also its survival, through the effect exerted by these environmental changes on salinity, sunlight, pH, and nutrient concentrations [36, [65] [66] [67] [68] . In addition, water temperature would drive seasonality by direct influence on the abundance and/or toxicity of V. cholerae in the environment, or alternatively, through their indirect influence on other aquatic organisms such as zooplankton (Copepods -Acartia, Cyclops, Diaptomus, Cladocerans -Daphnia, Bosmina, Bosminopsis, Ceriodaphnia, Diaphanosoma, rotifers), phytoplankton (Cyanobacteria -Anabaena, Chlorophytes -Volvox, desmids, Rhizoclonium, Diatoms -Skeletonema, Dinoflagellates), macrophytes (Marine taxa -Ulva, Entermorpha, Ceramium, Polysiphonia, Freshwater taxaEichhornia (water hyacinth), Lemna (duckweed), Benthos (Prawns -Penaeus, Metapenaeus, Macrobrachium, oysters, crabs, chironomid egg masses), and fish (Sea mullet) to which the pathogen is found attached [36, 65] . Within the marine environment, V. cholerae is found attached to surfaces provided by plants, filamentous green algae, copepods (zooplankton), crustaceans, and insects [69] [70] . Many pathogenic Vibrio spp. are associated with chitinaceous zooplankton and shellfish, and can survive on fish and shellfish as well [71] . Shellfish feeding on planktonic crustaceans are colonized by V. cholerae in natural water systems [69, [72] [73] [74] [75] . Vibrio cholerae survive in association with aquatic vegetation, as well as other zooplankton and crustacean invertebrates in the aquatic environment [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . After concentration by filter-feeding shellfish such as oysters, these bacteria may be present at concentrations that are 100-fold higher than those in the surrounding water [77] [78] .
The algae and zooplankton that feed upon them provide a natural refuge for Vibrio cholerae, where, under normal conditions, the bacteria exist in a non-culturable state for long periods. The Vibrios appear to enter a non-culturable phase induced primarily by unfavorable conditions such as low temperature [79] . An increase in sea surface temperature, along with high nutrient levels (eutrophication) that stimulate algal growth and deplete oxygen, can activate the blooms and in turn, lead to increased numbers of Vibrios [28] . The culturability of V. cholerae remains stable in full sunlight compared to enteric bacteria such as E. coli, which may impart some selective advantage to Vibrios at tropical latitudes [80] .
Due to the relationship between zooplankton and phytoplankton populations, dynamics between climate and phytoplankton, although indirect, are important mechanisms that regulate the prevalence of the bacteria in the environment. The specific environmental changes that amplify plankton and associated bacterial proliferation and govern the location and timing of plankton blooms, are nutrient levels, SST and solar radiation [29] , pH, currents, winds, and river runoffs [81] ; tidal forces and other physical processes can affect phytoplankton growth through the transport of deep nutrient-loaded water to the surface; however, heavy precipitation can dilute nutrient levels and decrease phytoplankton production [64] . Attachment, growth, and multiplication of V. cholerae in the aquatic environment, particularly in association with copepods, are influenced by warmer temperatures, elevated pH (8.5), salinity (between 5 and 25 psu), and plankton blooms which are, in turn, controlled by large-scale climate variability [29, 56, 81] .
The correlation of cholera outbreaks and the seasonal occurrence of algal blooms has been reported [36, 63, 73] ; however, there is no direct evidence that such events lead to an enrichment of toxigenic V. cholerae strains responsible for cholera epidemics. Because many phyto-and zooplankton organisms may serve as reservoirs for the cholera bacterium [36, 71, [73] [74] [75] , disease outbreaks in humans may be strongly correlated with the population and community dynamics of these hosts [10, 29, 82] . The appearance of cholera cases in coastal human communities correlated with variations in phyto-and zooplankton abundance in the marine environment induced by variations in rainfall in the Indian Ocean during the monsoon has been reported [36, 83] . It has been demonstrated that sea surface temperature in the Bay of Bengal is correlated with algal blooms and outbreaks of cholera in Bangladesh. V. cholerae occur in the Gulf of México and along the east coast of North America, where most blooms occur during the summer months and relatively high water temperatures are necessary for algal growth and bloom formation that are directly or indirectly hazardous to human health [76, 84] . Climate variability and change may thus influence the introduction of cholera into coastal populations [15] . According to [58] , environmental sampling and analysis of the environmental and clinical data revealed significant correlations of water temperature, water depth, rainfall, conductivity, and copepod counts with the occurrence of cholera toxin producing bacteria (presumably V. cholerae). The lag periods between increases or decreases in units of factors, such as temperature and salinity, and occurrence of cholera correlate with biological parameters, e.g., plankton population blooms. The new information on the ecology of V. cholerae is proving useful in developing environmental models for the prediction of cholera epidemics.
Recently, one factor involved in adherence of V. cholerae O1 to the chitin of zooplankton, and then in addition acquiring acid tolerance, was identified as the mannose-sensitive hemagglutinin (MSHA) type IV pili. V. cholerae O1 El Tor and O139 strains expressed and assembled these pili; nevertheless, O1 classical strains carry the pili (msh) genes but do not assemble functional MSHA pili [85] [86] [87] . V. cholerae also possess secreted chitinase enzyme(s) which are probably needed to utilize chitin (homopolymer of Nacetylglucosamine) as a carbon source [88] ; the hypothetical chi gene products were identified in the genome sequence [89] . These findings are suggestive of a close association of V. cholerae with chitin structures in the environment (e.g. zooplankton such as copepods) [90] . V. cholerae respond efficiently to different and constantly changing ecosystems due to a variety of transport proteins with broad substrate specificity and catabolic pathways located on its chromosomes. For example, ribose and lactate transport and degradation enzymes are contained on chromosome 2, whereas the trehalose systems reside on chromosome 1; nevertheless, other energy metabolism pathways like the chitin system are split between the chromosomes [89] . In aquatic environments, chitin represents a source of both carbon and nitrogen. Sequence analysis suggests that Vibrio cholerae degrades chitin by a phosphenolpyruvate phosphotransferase system (PTS) for chitobiose transport [91] .
Several studies have demonstrated that environmental non-O1 and non-O139 V. cholerae strains and V. cholerae O1 El Tor and O139 are able to form a three-dimensional biofilm on surfaces which provides a microenvironment [92] [93] , increasing bacterial productivity that favors survival and persistence due to increased resistance to various harmful environmental conditions, including chlorination and antibiotics [94] [95] . Biofilm formation is likely to be important for the life cycle of V. cholerae, facilitating environmental persistence within natural aquatic habitats during interepidemic periods [90] . For both V. cholerae O1 El Tor and O139 strains, biofilm formation is dependent on the expression of an exopolysaccharide (EPS) [93, 96] . Expression of the Vibrio polysaccharide synthesis genes (vps), encoded in two gene clusters on the larger chromosome (vpsA-K and vpsL-Q), is required for synthesis of an EPS matrix that stabilizes the mature biofilm. Overproduction of EPS results in resistance to osmotic and oxidative stress and bacteriocidal agents [97] . Strains containing defects in one of the vps genes necessary for exopolysaccharide synthesis fail to make a threedimensional biofilm, indicating that the exopolysaccharide is used to build a mature biofilm [93] . Expression of the vps exopolysaccharide causes a rugose colony phenotype, and provides enhanced chlorine and phage resistance [98] [99] . The expression of vps inhibited intestinal colonization in an infant mouse cholera model, suggesting that the expression of a factor that enhances environmental persistence actually decreases virulence [93] . The lack of flagellar synthesis causes high-level vps exopolysaccharide expression (at least in some strains, e.g. O139), indicating that flagellar synthesis is coupled to vps expression. This effect is specifically due to the lack of a flagellum, rather than a lack of motility, suggesting that the loss of the flagellum may be a developmental cue during biofilm formation [93] . Kierek and Watnick (2003) [100] identified and characterized a vps-dependent V. cholerae biofilm and a vps-independent V. cholerae biofilm. The vps-dependent biofilm predominated in growth media containing monosaccharides. They hypothesized that vps-dependent biofilm development occurs only in nutrient-rich environments. Transcription of vps is greater in biofilm-associated cells than in planktonic cells, suggesting that vps gene transcription is activated by surface association [101] . This type of biofilm development may facilitate V. cholerae's colonization of favorable aquatic environments. Conversion of environmental monosaccharides into an exopolysaccharide matrix may even serve as a form of nutrient storage. In contrast, millimolar Ca 2+ concentrations, which are present in seawater but not in freshwater, are required for vps-independent biofilm development. Thus, Kierek and Watnick hypothesized that vpsindependent biofilm development probably occurs primarily in marine environments. In contrast to the variability of organic nutrients in aquatic environments, the concentration of Ca 2+ is uniformly high in the marine environment. Thus, V. cholerae surface adhesion in marine environments may be less discriminating. As cholera epidemics have been associated with heavy rainfall and increases in sea surface height [10, 29] , both of these conditions are predicted to alter the organic and inorganic compositions of an estuary, which is the primary interface between humans and the marine environment [102] [103] [104] [105] . These changes in the organic and inorganic compositions of the aquatic environment may alter the nature of V. cholerae's association with surfaces and may play some role in the initiation of cholera epidemics.
Evidence indicates that V. cholerae toxigenic strains may arise from environmental, nontoxigenic progenitors in coastal areas, as nutrientrich effluents and warmer sea surface temperatures shift marine ecosystems towards more toxic species [10, 19, 63] . Most V. cholerae strains, especially those from the environment, lack the genes required to produce CT, but the possibility of genetic exchange in the environment by horizontal transfer of phage transduction with cholera toxin (CT)-encoding phage CTX-Φ mechanism as well as clonal diversity allows the potential emergence of new toxigenic clones [106] [107] . Expression of CT is optimal at salinities between 2 and 2.5 psu. Castañeda et al. (2005) [59] reported that conditions found in Alvarado and La Mancha lagoons (Veracruz, México) might favor V. cholera O1 enterotoxin positive occurrence during the rainy season. Evidence for serconversion, in part, may explain this observation. Only serogroup O1 and the newly emerged O139 have been associated with severe disease and cholera pandemics. In contrast, intestinal and/or extraintestinal infections with non-O1 and -O139 serogroups or non-toxigenic O1 strains are rarely found and seem to be of little clinical significance. The majority of environmental isolates of V. cholerae are members of non-O1 and non-O139 serogroups and lack the genes required to produce cholera toxin (CT) [108] .
Temporal and spatial variability
The deteriorating conditions of the environment and climate change have led to concerns in the influence of climate on disease dynamics. Seasonality in disease incidence might infer an association with weather factors. It has been attributed to seasonal changes in pathogen transmission rates, resulting from fluctuations in extrinsic climate factors. Climate modulates the seasonal and inter-seasonal variability of cholera by affecting both the prevalence and the spatial distribution of the agent in the environment through numerous mechanisms that affect the seasonality of cholera incidence unique for each geographical location. In addition to seasonal variability, endemic areas experience inter-seasonal increases in cholera incidences that have been closely linked to climate variability [109] .
The confirmation that V. cholerae occurs in aquatic environments in association with zooplankton and phytoplankton, and the associations found between cholera cases and sea surface temperature and sea surface heights indicates that cholera dynamics are strongly associated with climate and seasonal variability [36, [41] [42] 64, 67, 110] . The increase in sea surface heights (SSH) might cause inland incursion of contaminated water containing zooplankton, and human contact with V. cholerae. SSH is modulated by seasonal thermal expansion and contraction of sea water, ocean currents, tidal forces, and the piling up of water resulting from persistent winds and other atmospheric phenomenon [10] . The complex interactions and feedbacks between the dynamics and the ecology of endemic areas result in favorable conditions for the propagation and transmission of the bacteria.
Based on quantitative empirical studies, relationships have been shown to exist between cholera epidemics, land and sea surface temperature anomalies (LSTAs), rainfall, and ENSO, with the latter parameter quantified by the Southern Oscillation Index (SOI) for the Asian and South American subcontinents [11, 41, 57, 67, [111] [112] [113] [114] . In particular, an increased role of interannual climate variability in cholera interannual dynamics in Bangladesh has been suggested, with strong and consistent signature of ENSO, at least for certain time periods [57] . In an epidemiological endemic context, these findings suggest that certain aspects of climate are associated with human cholera incidence in specific areas of the intertropical belt [7] .
The Rodó et al. (2002) [57] study represents the first evidence that warming trends are affecting human disease. Using an extensive cholera database and innovative statistical methods they found quantitative evidence for an increased role of interannual climate variability on the temporal dynamics of cholera. They provided evidence for an increase over time in the frequency and amplitude in the ENSO. According to their findings, there is a robust association of cholera dynamics and ENSO, from the first to the last decades of the 20th century, based on time-series analyses of the relationship between ENSO and cholera prevalence in Bangladesh (formerly Bengal) during two different time periods. Even though debate still remains regarding the relationship between ENSO intensification and climate change, the observations of Rodó et al. are consistent with warming models. A strong and consistent signature of ENSO is apparent in the last two decades , while it is weaker and eventually uncorrelated during the first parts of the last century (1893-1920 and 1920-1940, respectively) , and the SOI undergoes shifts in its frequency spectrum as well. Their results indicated that a change in remote ENSO modulation alone can only partially serve to substantiate the differences observed in cholera. Regional or basinwide changes possibly linked to climate changes, mainly warming, seem to facilitate ENSO transmission, as this climate phenomenon accounts for over 70% of disease variance. Koelle et al. (2005b) [114] have demonstrated the linkages across time and space scales in the dynamics of the regional system (climate patterns, river basin rainfall variability, river discharge, and flooding), V. cholerae, and non-linear human susceptibility levels. According to their study, water temperature in ponds and rivers provides another local mechanism for the remote association of cholera transmission with SST in the Bay of Bengal and the Pacific ENSO, and other factors such as changes in cloud cover, wind stress and evaporation modulate variations in the net heat flux entering the system increasing both the SST in the Bay of Bengal and affecting the surface temperature over land. The resulting warming of water temperature in ponds and rivers might increase the incidence of cholera through the faster growth rate of the pathogen in aquatic environments. The results of Koelle et al. showed a critical interplay of environmental forcing, specifically climate variability, and temporary immunity explained by the interannual disease cycles presented in four-decade cholera time series from Matlab, Bangladesh. By reconstructing the transmission rate, affected by extrinsic forcing over time for the predominant strain (El Tor), a non-linear population model permitted a contributing effect of intrinsic immunity. According to their findings, transmission showed clear interannual variability with a strong correspondence to climate patterns at long periods (over 7 years, for monsoon rains and Brahmaputra river discharge) and at shorter periods (under 7 years, for flood extent in Bangladesh, sea surface temperatures in the Bay of Bengal and the El Niño-Southern Oscillation).
The study by De Magny et al. (2006) [110] was the first to document the existence of an association between climate and cholera outbreaks on the African continent, using the wavelet method to explore periodicity in (i) a longtime monthly cholera incidence in Ghana, West Africa, (ii) proxy environmental variables, and (iii) climatic indices time series, from 1975 to 1995. Cross-analysis was done to explore links between cholera and climate. Results showed strong statistical association from the end of the 1980s, between cholera outbreak resurgences in Ghana and the climatic/environmental parameters. Results of coherence revealed the existence of strong associations between (i) cholera case incidence and rainfall, and (ii) disease incidence and LSTA1 (Land Surface Temperature Anomaly) time series. The influence of warm events may have an impact on the bacterial populations and that of their host reservoirs, providing new favorable environmental conditions such as an increase in temperature in shallow bodies of water, i.e., lagoons, estuaries, and coastal waters.
Future Considerations
Different scenarios predict health adverse consequences in different regions of the world in the coming decades due to climate change [115] [116] [117] . Associated land use and transformation of resource production (urbanization, agricultural expansion and intensification, and natural habitat alteration) have produced changes in ecological systems, notably in landscapes and, in turn, their natural communities and ultimately in their pathogen, animal host, and human populations. Factors related to public health infrastructure and climate variability, and their interactions with regional environmental change also may contribute significantly to disease emergence [28] .
In addition to natural climate variability and climate shifts, the climate change contribution may well contribute further to disease emergence [118] . Environmental/ecological changes and economic inequities strongly influence disease patterns. Nevertheless, an ever-increasing role of a warming and unstable climate is driving the global emergence, resurgence and redistribution of infectious diseases [27] . Regional environmental change, which is influenced significantly by population growth, resource consumption, and waste generation, plays an important role in the emergence of infectious disease, especially in tropical developing regions. Tropical climate, poor water and food security, low socio-economic status and political instability define the regions that would be most vulnerable to the health effects of climate change [13, 119] . Many Latin American countries have these conditions in common. Therefore, there is a need in Latin America to identify areas where populations are vulnerable to the health impacts of climate change, since populations with the fewest resources would be the most vulnerable to the adverse health effects of climate change. Epidemiological surveillance of areas under risk would provide better knowledge of how climate change may impact human health. There are areas where diseases are likely to respond to a change in climate and where the population at risk is large with limited capacity to respond to emerging disease threats [120] .
Humans have the potential to affect V. cholerae abundance and transmission at multiple spatial scales. Human activities at a local scale such as land-use change, pollution (including sewage), aquaculture and fisheries management, have the potential to alter water temperature and nutrient concentrations, which may directly affect conditions for growth, or indirectly, the distribution, abundance, and composition of the plankton. On a broader spatial scale, human-induced climate change could alter V. cholerae dynamics by changing the microbe's seasonal regimes or facilitating its spread to new areas [121] . From an applied perspective, clarifying the mechanisms that link seasonal environmental changes to diseases' dynamics will aid in forecasting longterm health risks and in developing strategies for controlling diseases across a range of human and natural systems. This is especially important because longer-term environmental changes caused by climate warming and complex events like ENSO will alter seasonality in ways that influence the spread of disease [19, 41] .
Research on the links between climate and infectious diseases must be strengthened in order to examine the consistency of climate/disease relationships in different social contexts and across a variety of temporal and spatial scales. Clarifying the causal pathways linking climate to disease prevalence will require additional knowledge of the ecology of the pathogen and the transmission dynamics of infectious disease. A clearer understanding of the current role of climate change in disease patterns will enable scientists to improve forecasts of future potential impacts [120] . The sooner these consequences are estimated and communicated the better will be the chance of averting future retrograde policy decisions [122] .
The persistence of V. cholerae as part of the normal flora in aquatic environments, the lack of an effective vaccine, and increasing antibiotic resistance among strains isolated from cholera patients all suggest that cholera will not be eradicated in the future. As with other tropical diseases, there is growing concern that the combination of climate change, anthropogenic disturbance of local environments, and transport due to travel and trade will expand the range of endemic strains, and consequently create more focal points for cholera outbreaks. As socioeconomic conditions favorable to cholera persist in many countries, revealing the influence of climatic/environmental factors in seasonal patterns is critical to understanding temporal variability of cholera at longer time scales, including trends and interannual variability to improve disease forecasting. An understanding of disease risk related to the environment can also call attention to the need for improving these conditions. A more complete understanding of the ecology of V. cholerae is critical to identify and comprehend the seasonality and regional mechanisms as a function of environmental factors for the prediction and management of this disease.
